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ABSTRACT 


mTC  QUAUTY  iNb^'iSCfLL  3 


The  coupling  between  a  two-dimensional,  supersonic,  laminar  boundary  layer  and  a  flex¬ 
ible  surface  is  studied  using  direct  numerical  computations  of  the  Navier-Stokes  equations 
coupled  with  the  plate  equation.  The  flexible  surface  is  forced  to  vibrate  by  plane  acoustic 
waves  at  normal  incidence  emanated  by  a  sound  source  located  on  the  side  of  the  flexible 
surface  opposite  to  the  boundary  layer.  The  effect  of  the  source  excitation  frequency  on  the 
surface  vibration  and  boundary  layer  stability  is  analyzed.  We  find  that,  for  frequencies  near 
the  fifth  natural  frequency  of  the  surface  or  lower,  large  disturbances  are  introduced  in  the 
boundary  layer  which  may  alter  its  stability  characteristics.  The  interaction  between  a  stable 
two-dimensional  disturbance  of  Tollmien-Schlichting  (TS)  type  with  the  vibrating  surface  is 
also  studied.  We  find  that  the  disturbance  level  is  higher  over  the  vibrating  flexible  surface 
than  that  obtained  when  the  surface  is  rigid,  which  indicates  a  strong  coupling  between  flow 
and  structure.  However,  in  the  absence  of  the  sound  source  the  disturbance  level  over  the 
rigid  and  flexible  surfaces  are  identical.  This  result  is  due  to  the  high  frequency  of  the  TS 
disturbance  which  does  not  couple  with  the  flexible  surface. 
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Introduction 


Ill  recent  years,  the  demand  for  developing  a  high  speed  civil  transport  has  increased. 
This  has  led  to  an  increase  in  research  activity  on  compressible  supersonic  flows,  in  par¬ 
ticular  on  the  evolution  of  unsteady  disturbances  in  a  supersonic  laminar  boundary  layer. 
One  class  of  unsteady  disturbances  which  has  received  considerable  attention  is  instability 
waves  in  a  boundary  layer,  i.e.  eigen-modes  of  the  compressible  Orr-Sommerfeld  equations 
obtained  via  linearization  around  a  parallel  flow.  When  these  waves  are  unstable  small 
disturbances  can  evolve  to  large  nonlinear  disturbances  as  they  propagate  downstream  in 
the  boundary  layer,  leading  to  transition  from  lamiiiar  to  turbulent  flow. 

The  linear  stability  of  compressible  laminar  boundary  layers  has  been  studied  exten¬ 
sively  for  both  subsonic  and  supersonic  flow  regimes.  These  studies  have  led  to  the  well 
known  partition  of  instabilities  into  two  different  classes;  the  viscosity  dominated  class 
known  as  the  vorticity  or  first  mode,  which  is  similar  to  the  Tollmien-Schlichting  (TS) 
type  waves  found  in  low  speed  flows,  and  the  acoustic  or  higher  modes’ At  high  Mach 
numbers  (>  3,  for  adiabatic  conditions),  it  is  found  that  the  dominant  modes  of  insta¬ 
bility  are  the  acoustic  ones,  and  specifically  the  first  acoustic  mode  known  as  the  second 
mode.  The  linear  stability  of  a  two-dimensional  flat  plate  boundary  layer  including  both 
the  vorticity  and  the  acoustic  modes  has  been  studied  extensively  by  Mack'*’^’'’. 

Most  of  the  studies  on  supersonic  boundary  layer  stability  were  performed  for  flows 
over  rigid  surfaces.  However,  most  aircraft  structures  are  made  up  of  flexible  surfaces; 
therefore  it  is  very  important  to  study  the  interaction  (if  any)  between  such  structures 
and  unsteady  disturbances  in  the  boundary  layer.  It  is  known  that  the  unsteady  pressure 
field  in  the  boundary  layer  can  indtice  significant  vibrations  of  the  flexible  surface.  The 
vibrating  svirface  can  radiate  sound  over  a  broad  range  of  frequencies.  These  acoustic 
disturbances  can  (i)  excite  TS  type  waves  in  the  boundary  layer  and  (ii)  possibly  change 
the  stability  characteristics  so  as  to  enhance  the  instability  of  these  waves.  In  turn  the  TS 
type  waves  can  excite  vibrations  of  the  flexible  surface  leading  to  a  positive  feedback  which 
may  promote  an  earlier  transition.  It  is  therefore  important  to  determine  the  coupling 
between  unsteady  disturbances  and  a  vibrating  .surface. 
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In  a  previous  paper^  we  considered  the  behavior  of  unstable,  second  mode  distur- 
Ijances  in  a  high  speed  boundary  layer  over  a  flexible  surface.  It  was  shown  that  while  the 
disturbances  were  unstable  and  exhibited  substantial  growth  over  the  surface,  there  was 
little  excitation  of  the  flexible  surface.  This  was  due  to  the  frequency  range  of  the  second 
mode  disturbances,  which  were  too  high  to  effectively  couple  with  the  flexible  surface. 

In  this  paper  we  consider  the  coupling  of  a  flexible  surface  with  two  dimensional  first 
mode  (i.e.  TS  type)  disturbances.  For  the  Mach  number  and  Reynolds  nuinbcr  considered 
in  this  paper,  the  two  dimensional  disturbance  exhibits  a  very  small  growth  near  the 
inflow,  and  then  decays  with  the  downstream  distance.  Even  though  the  disturbance 
frequency  is  an  order  of  magnitude  lower  than  that  considered  previously^,  we  find  that 
the  two  dimensional  disturbance  does  not  effectively  couple  with  the  flexible  surface  and 
that  there  are  no  significant  differences  between  the  evolution  of  the  disturbance  over  a 
flexible  or  rigid  surface. 

However,  a  stronger  coupling  of  the  flexible  surface  with  the  boundary  layer  can  be 
obtained  when  the  surface  is  forced  by  an  acoustic  distmbance  located  on  the  side  of  tb' 
flexible  surface  opposite  to  the  boundary  layer.  Acoustic  excitation  of  this  sort  can  lead 
to  large  disturbances  in  the  boundary  layer.  The  effectiveness  of  the  flexible  surface  in 
transmitting  acoustic  energy  into  the  boundary  layer  is  highly  sensitive  to  the  frequency 
of  the  acoustic  excitation  and  the  parameters  of  the  flexible  surface,  in  particular  the 
damping.  At  the  present  time  the  computational  model  is  limited  to  two  dimensions  and 
to  infinitesimal  surface  vibrations.  However  within  these  limitations  there  are  indications 
that  the  disturbances  introduced  by  the  vibrating  surface  can  serve  to  destabilize  the 
flow  field  and  that  surface  vibration  should  be  considered  as  a  potentially  destabilizing 
mechanism  which  should  be  accounted  for  in  stability  studies. 

The  remainder  of  this  paper  is  organized  as  follows;  first  the  mathematical  model  is 
presented,  then  the  mmierical  scheme  used  to  solve  the  set  of  partial  differential  equations 
is  descriljed  and  finally  the  numerical  results  and  conclusions  are  presented. 
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Formulation  of  the  model 


As  shown  in  Fig.  (1),  three  computational  domains  are  being  considered;  the  flow  re¬ 
gion  above  the  surface,  the  flexible  surface  itself  and  the  no-flow  region  below  the  surface. 
The  governing  equations  in  the  supersonic  flow  region  are  the  two-dimensional,  compress¬ 
ible,  Navier-Stokes  equations.  In  a  cartesian  coordinate  system,  x  and  y,  these  equations 
can  be  written  in  conservation  form  as; 

Qt=F,+Gy  (1) 


where  Q  is  the  vector  (p,  pu,  pe,  E)'^ ,  p  is  the  density,  pu  and  pv  are  the  x  and  y  momentum 
fluxes,  respectively,  and  E  is  the  total  energy  jier  unit  volume  given  by 


(2) 


In  eq.  (1),  the  functions  F  aird  G  are: 


/ 


F  = 


pu 

pu"^  +  p  - 

^yz 


\  u{E  +  p)  -  UTxz  -  VTyj.  -  kTt 


and 


pv 

pUV  -  Tzy 

.2 


\ 


PV^+P-  Tyy 
.V{E  +  p)  -  UTyz  -  VTyy  -  kT y  / 


(3) 


where  Tij  are  the  components  of  the  viscous  stress  tensor  and  n  is  the  thermal  conductivity. 
In  addition  to  Eq.  (1),  an  ideal  gas  state  equation  is  used; 


p  =  pRT, 


(4) 


where  p  is  the  pressure,  p  the  density,  R  the  gas  constant  and  T  the  temperature.  The 
viscosity  is  obtained  from  Sutherland’s  law 


/i  = 


e,rV2 
T^  +  T' 


(5) 
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with  T\  =  198.6  °R,  and  c\  =  3.66x10  ^  N  .sec/(in^  for  air. 
The  equation  describing  the  motion  of  the  flexible  surface  is; 


cHie  d^w  dw 


=  p+  ~  p' 


(6) 


where  w  is  the  plate  transverse  deflection,  Pp  the  mass  per  unit  volume  of  the  plate,  h  the 
plate  thickness  and  7  is  the  physical  damping.  In  eq.  (6),  D  =  M/i^/12(l  —  ;/^)  is  the 
stiffness  of  the  plate,  with  M  being  the  modulus  of  elasticity  and  u  the  Poisson  rRtio  of 
the  plate  material.  The  terms  p"*"  and  p“,  are  the  pressure  fields  in  the  flow  and  no-flow 
regions,  respectively.  /.From  the  solution  of  the  Navier-Stokes  equations  we  obtain  p'^. 
For  p~,  two  cases  aie  studied;  first  when  a  sound  source  is  used,  we  consider  an  imposed 
pressure  field  of  the  form, 

sin(t^l0  (7) 

where  ej  and  ui  are  the  amplitude  and  frequency  of  the  acoustic  source,  respectively.  In 
the  absence  of  the  sound  source,  an  approximation  to  the  solution  of  the  wave  equation 

^tv 

P~  =Po  -  (pc)o  (8) 

is  used.  This  is  similar  to  the  approximation  presented  by  Miksis  and  Ting*.  The  variables 
Pq  and  (pc}q  are  the  free-stream  pressure,  density  and  speed  of  sound  in  the  region  below 
the  surface.  A  physical  situation  where  Eq.  (8)  can  be  used  is  that  of  flow  over  a  fuselage 
surface,  and  Eq.  (7)  is  a  simplification  of  flow  over  a  vibrating  flexible  surface  excited 
by  engine  noise.  Since  the  geometry  used  is  that  of  a  flat  surface,  the  computations  were 
limited  to  the  case  of  small  deflections  (order  of  the  plate  thickness).  The  coupling  between 
the  boundary  layer  and  the  plate  is  achieved  by  imposing  the  vertical  velocity  of  the  plate 
to  be  one  of  the  boundary  conditions  for  Navier-Stokes  equations.  Similarly,  the  surface 
motion  is  driven  by  the  pressure  field  in  the  boundary  layer. 

Method  of  solution 

The  unsteady  Navier-Stokes  equations  (eq.  (1))  are  solved  using  an  explicit  finite 
difference  scheme.  The  scheme,  which  is  a  generalization  of  MacCormack’s  scheme  obtained 
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by  Gottlieb  and  Turkel®,  is  fourth  order  accurate  on  the  convective  terms  and  second 
order  accurate  on  the  diffusive  terms,  and  is  second  order  accurate  in  time.  The  numerical 
scheme,  applied  to  a  one-dimensional  equation  of  the  form 

Ul  =  Fr,  (9) 


consists  of  a  predictor  step  given  by 


<  = 


+  —  F,+2), 

oAx 


(10) 


followed  by  a  corrector  step  of  the  form 


=  - 


{7F*-SF:_,+F*_,) 


(11) 


In  the  above  equations,  the  subscript  i  denotes  the  spatial  grid  point  and  the  superscript 
n  the  time  level.  The  fourth  order  accuracy  is  obtained  by  alternating  the  scheme  given 
above  with  its  symmetric  variant.  In  order  to  apx^ly  this  scheme  to  a  two-dimensional 
problem,  operator  splitting  method  is  used.  If  Lx  and  Ly  denote  the  solution  operators 
for  the  one  dimensional  x  and  y  problems,  then  the  solution  to  eq.  (1)  is  obtained  by 


=LxLyLyLxQ'^. 


(12) 


Further  details  regarding  the  naethod  and  the  advantage  of  fourth  order  schemes  can  be 
found  in  Bayliss  tt  al. 

The  boundary  conditions  employed  on  the  surface  for  the  Navier-Stokes  equations  are 

u  =  V  =  0  and  T  =  (13) 


over  the  rigid  part  of  the  surface,  and 


u  =  0, 


and  T  =  r„, 


(14) 


over  the  flexible  part  of  the  surface. 


The  pressure  lioiiuflary  conditions  are  as  follows;  over  the  rigid  part  of  the  surface 
the  pressure  is  calcidated  using  the  normal  momentum  ecpiation  and  over  the  flexible  part 
of  the  surface  a  linear  extraiJolation  from  the  interior  of  the  domain  is  used  to  find  the 
pressure.  We  first  update  the  pressure  to  the  new  time  level  by  integrating  the  Navier- 
Stokes  equations  and  using  dw/df  at  the  previous  time  level  as  a  boundary  condition,  then 
using  the  new  pressure  field  we  solve  the  plate  equation  to  update  w. 

The  inflow  conditions  are  given  by 

=  +  (15) 

where  Qq  is  the  steady  state  solution  corresponding  to  a  mean  flow  over  a  rigid  surfact'. 

indicates  the  real  part,  (t){y)  is  the  first  mode  disturbance  eigenvector  solution  oljtained 
from  a  compressible  stability  code,  for  a  given  set  of  boundary  layer  iiarameters  (Ijoundary 
layer  jirofile  and  inflow  Reynolds  number)'^  and  u>2  aufl  f2  are  the  frequency  and  amplitude 
of  the  inflow  disturbance,  respectively.  The  remaining  inflow,  outflow  and  upper-l)oundary 
conditions  are  the  same  as  in  Maestrello  ti  . 

The  plate  equation  is  integrated  using  an  implicit  finite  difference  method  for  struc¬ 
tural  dynamics  developed  Ijy  Hoff  and  Pahl’'*.  The  boundary  conditions  iised  to  solve  the 
plate  equation  are  those  for  a  clamped  plate 

w  =  u’j-  =0  at  X  =  xo,  .ro  +  L.  (16) 

The  j)roblem  of  transient  oscillations  is  common  when  trying  to  solve  the  time  depen¬ 
dent  structural  equations.  In  order  to  eliminate  the  effects  of  this  transient  on  the  flow 
field,  the  plate  equation  is  integrated  to  obtain  a  steady  state  solution  with  the  acoustic 
excitation  alone.  To  accelerate  the  convergence,  higher  physical  damping  is  used  initially 
then  it  is  reduced  to  the  desired  value  progressively.  The  steady  state  displacement,  ve¬ 
locity  and  acceleration  i)rofiles  are  then  userl  as  inputs  to  the  Navier-Stokes  calculations, 
which  is  then  run  to  eliminate  the  remaining  transient.  The  time  scales  of  the  surface 
vibration  are  long  compared  to  the  allowable  time  steps  for  the  Navier-Stokes  solver;  typ¬ 
ically  5x10“^’  sec  for  the  structure  and  10“'  sec  for  Navier-Stokes.  Thus  there  are  limits 
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to  the  length  of  time  for  which  it  is  currently  feasible  to  solve  the  equations  of  the  model. 
We  believe  that  the  data  presented  here  represents  an  approximation  to  the  steady  state 
surface  response  to  within  the  accuracy  of  the  model. 

Results  and  Discussion 

Numerical  experiments  are  carried  out  for  a  supersonic  laminar  boundary  lay<'r  with 
a  freestream  Mach  number  2.2,  a  Reynolds  number  per  meter  of  5.25x10'’  and  a  total 
temperature  of  311  °K.  The  jiroperties  of  the  flexible  ])art  of  the  stirface  are  assumed  to 
be  independent  of  position  and  are;  stiffness  D  =  1.46  N  m,  mass  per  unit  area  ppli  =  2.26 
Kg/m^  and  physical  damping  7  =  131.2  N-sec/m^.  The  plate  is  0.254  m  long  and  78.7  //m 
thick,  and  is  clamped  between  two  rigid  surfaces.  The  first  seven  natviral  frequt'ucies  of  the 
plate  are;  45  Hz,  122  Hz,  206  Hz,  396  Hz,  591  Hz,  826  Hz  and  1100  Hz.  The  dimensions 
of  the  computational  domain  are  1.27  m  in  the  downstream  distance  and  0.0254  m  in  the 
vertical  distance  corresponding  to  20  boundary  layer  thicknesses.  This  large  vahu'  of  the 
vertical  distance  is  chosen  in  order  to  calculate  the  freestream  radiated  pressure  and  has 
no  effect  on  the  numerical  results.  The  number  of  points  used  are  301  and  201  in  the 
streamwise  and  vertical  directions,  respectively.  An  exponential  stretching  is  ust'd  in  th«’ 
vertical  distance  in  order  to  achieve  good  resolution  in  the  boundary  layer. 

The  different  configurations  that  we  conii)Tite  are  shown  in  Fig.  1;  a  rigid  surface.  Fig. 
la,  a  flexible  surface  clamped  between  two  rigid  ones.  Fig.  11),  and  an  acoustic  .source  placed 
below  the  flexible  part  of  the  siirface,  Fig.  Ic.  The  acoustic  source  emits  plane  waves  at 
normal  incidence  to  the  surface  at  different  frequencies  and  with  a  constant  sound  pressure 
level.  Disturbances  are  introduced  in  the  flow  field  at  both  the  inflow  boundary  and  by 
acoustic  excitation  of  the  surface  from  below.  A  two  dimensional  TS  type  disturl)ance  is 
introduced  at  the  inflow  with  a  normalized  amplitude  in  u  of  0.08  of  the  freestream,  and  a 
normalized  frequency  F  =  2nfi/fUl^  of  60xl0~®  corresponding  to  a  dimensional  frequency 
of  /  =  4500  Hz  (iJ2  —  27r/).  This  frequency  corresponds  to  the  least  stable  two  dimensional 
first  mode.  In  the  definition  of  F,  u  is  the  kinematic  viscosity  and  Uoo  is  the  freestream 
streamwise  velocity.  Based  on  linear  stability  theory,  this  disturbance  is  expected  to  grow 
and  then  decay  with  increasing  streamwise  distance.  In  order  to  follr  the  evolution  of 


the  distvirhaiice  downstream,  the  mass  flux  disturbance  level  in  the  streamwise  direction 
(pi/)  is  calculated.  First,  the  streamwise  mass  flux  fluctuation  in  time  is  obtained  by 

(pu)'  =  pii—  <  pu  >  (IT) 

where  <  pu  >  is  the  computed  mean  obtained  from  integrating  the  data  in  time.  The 
integration  is  performed  over  one  period  of  the  sound  source  frequency.  The  disturbance 
level  is  then  calculated  by  computing  the  root  mean  square  (RMS)  in  time  of  (pi/)'  and 
then  int/'grating  in  y. 


RMS  =<  (pi/)'" 

(IS) 

G{.r)=  [  {RMS)f}y. 

(19) 

Figure  2  shows  the  results  of  this  calculation  for  a  disturbance  propagating  over  the 
rigid  surface  of  Fig.  la.  and  the  vibratiirg  surface  of  Fig.  Ic.  The  vari/nis  disturbances 
use/l  are  indicated  in  parenthesis. where  /  is  the  TS  frequency  (4500  Hz).  We  note  that 
all  three  computations  are  graphically  indistinguishable  /ipstream  of  the  flexil/le  s/irface. 
Over  the  rigid  surface  the  disturbance  grows  and  then  decays  a.s  predicted  from  the  linear 
stability  theory.  When  a  sound  source  emitting  plane  acoustic  waves  at  a  frequency  of  //4 
is  used  to  excite  the  surface,  the  interaction  between  the  TS  disturbanc/’  and  the  vibrating 
surface  gives  rise  to  a  small  increase  in  the  disturbance  level  compared  to  the  rigid  surface 
case.  As  the  frequency  of  the  sound  .source  is  redm  ed  to  //8.  the  distuil>aiice  level  clearly 
fleparts  from  that  obtained  over  a  rigid  surface.  The  results  indicate  that  excitation  of 
sufficiently  low  frequency  can  be  effective  in  exciting  substantial  vibrations  of  the  flexible 
surface.  These  vibrations  can  significantly  change  the  resulting  evolution  of  the  unsteady 
disturbances  in  the  flow  field.  In  the  absence  of  the  sound  source,  the  disturbance  level 
over  the  flexible  surface  is  the  same  as  that  over  a  rigid  surface  indicating  a  weak  coupling 
between  the  surface  and  the  disturbance. 

The  effect  of  sound  source  frequency  was  investigated  in  the  absence  of  the  TS  type 
waves  and  the  res\ilts  are  shown  in  Fig.  3.  For  the  same  sound  pressure  level  of  the 
acoustic  excitation  Fig.  3  shows  that  the  the  disturbance  level  introduced  by  the  flexible 
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surtaro  incrrast's  as  the  frequeiiey  decreases.  For  high  fre(iuency  (>xcitatioii  the  distiirhancc' 
h'vel  in  the  honiidary  layt'r  is  n(>arly  uniform  ov<'r  the  flexible  surfac(\  As  the’  fre(iuency 
is  reduced  the  disturbance  l(n'«'l  grows  and  is  concentrati’d  lu'ar  the  leading  ('dg*'  of  the 
fl(‘xil)le  surface.  Howevc'r,  in  all  th«'  cases  the  disturbance  levid  <h'cays  over  the  trailing 
<“dg('  and  <lownstreani  of  the  flexible  surface. 

In  order  to  further  explain  the  diffiuences  shown  in  Fig.  2  betwi-i'ii  tin'  //4  and  //S 
frequencit's.  a  comparison  of  the  disturbanc*'  l('v«'l  obtaiiK'd  for  a  rigid  surface,  a  flexible 
surface  excited  by  sound  aloiu'  and  a  flexibh'  surface'  «'xcit<'d  by  a  combinatif)n  of  a  TS  type 
waves  and  souiuh  was  mafh'.  For  a  souml  .source'  fre'epie'iicy  e)f  / /4.  the'  elisturbane-e  le'vel  ehie 
te)  the'  semnel  .seiure-e  aleme'  is  e've'rywhe'ie'  le'ss  than  that  e)f  the'  TS  type'  elisturbance'  ene-r  the- 
rigiel  surface'.  The'ie'feire',  the'  le've'l  eif  the'  e'euiibine'el  elisturbance'  eive'r  the'  fle’xible’  surfae-e-  is 
eenly  slightly  highe'r  than  that  eif  a  rigiel  surfae'e'  as  is  sheiwn  in  Fig.  4a.  Heiwe've'r.  wlie'ii  the' 
fre'ejue'iicy  eif  the’  seamel  seiurce'  is  reehice'el  tei  //8  the  le've'l  e)f  the'  elisturbane-e’  ge'ne’iate’el  by 
the'  vibrating  surface’  is  highe’r  than  that  eif  the’  TS  type’  elisturbance'  eive'r  the*  rigiel  surfae'e’. 
This  re'sults  in  a  highe'r  le’ve’l  eif  the*  e'ennbine’el  elisturbane-e's  eu'e’r  the*  He’xible’  surfae-e’.  Fig. 
4b.  It  is  inte-re-sting  tei  ne)te'  that  imar  the'  le'aeling  e'elge  eif  the’  fle’xible'  surface’,  the’  le-ve-l  eef 
the'  e'eimbine'el  elisturbane'e’s  is  highe’r  than  that  eif  the'  seiunel  seiurce’  aleine';  heiweve'r.  ne'ar  the’ 
trailing  e-elge’  the'  twee  e'urve's  e'eeine'iele’.  This  is  an  inelicatiein  that  the'  twei  elisturbane’e's  ele) 
ne)t  simply  aelel  up,  but  that  the'ie’  are’  re’gieins  eif  e-einstructive’  anel  ele’strue'tive'  inte’rfe’ie’ne’e’ 
be'twe’e’ii  the’  twe)  wave's. 

Figure’  5  sheiws  the’  instantane’enis  jm'ssure'  elistributiem  in  the’  flenv  fie’lel  en'cr  the'  rigiel 
anel  fle’xible’  surface’s.  The’  pre’ssure'  elistributiem  em’r  the'  rigiel  surface’  is  ge’iie'rate’el  by 
the’  instability  waves.  Fig.  5a.  He)we’ve’r.  whe’ii  the'  same’  elisteirbane'e'  i)re)j)agate’s  ene’r  a 
vibrating  fle’xible’  surface’  it  inte’racts  with  the’  pre’ssure’ elisturbance’  radiate’el  by  the’  seirfae-e’. 
Outsiele’  the’  bemnelary  laye’r.  the’  raeliate’el  pre’ssure’  curve’s  in  the  elire’ctiem  eif  the’  flenv  and 
preq)agate’s  alemg  the’  Mach  line’  (at  a  Mach  angle  e)f  27°  ).  Figure  5b  shows  the  inte’iactiem 
l)e’twe’e’n  the’se  twe)  wave’s  whe’ii  the  fre’quene-y  e)f  the  acemstic  semree  is  / /4.  This  e’xcitatie)!! 
freepie’ncy  (1125  Hz)  is  near  the’  .seve’iith  natural  fre’que’ncy  e)f  the  surface,  anel  there’fe)re’ 
its  re’spe)nse’  anel  ne’ar  fie’lel  raeliatie)n  j)atte’rns  are  ebminate’el  by  the  seventh  moele.  This 
se’ve’iith  me)ele’  j)atte’rns  are  sheiwn  in  the  pre’ssure  elistributie)n  e)f  Fig.  5b.  De’cre’asing  the’ 
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somid  s()ui<-«‘  fmjAU'iicy  to  //S  (5G3  Hz)  leads  to  th<’  excitation  of  lowe-r  uuxU's  on  the 
snrfacf'.  The  pressure  field  shown  l)y  Fip;.  5c  corresponds  to  that  radiatc'd  hy  a  third 
mode.  The  increase’  in  vibration  h'v<>l  and  the  mode  shape  of  the  flexible  surface  result 
in  greatf'r  coui)ling  between  flow  and  structure  which  explains  the  incn’ase*  in  disturbance 
level  for  the  f/S  case'.  One'  should  note  that  Figs.  5b-c  show  only  a  small  fraction  of 
a  waveh'iigth  of  tlu'  acoustic  wave  radiateel  bj-  the  surface  because’  of  the’  small  ve’rtie-al 
'limensie)!!  (0.0254  m)  ce)mi)are’d  to  the’  ae-oustic  wave’le’iigth  (O.Gl  m  for  f/S). 

Figure’  G  sheews  a  ce)niparise)n  of  the’  instantane’ous  ve’le)e'ity  j)re)file’s  at  the’  ce’iife'r  of  the 
He’xible'  and  rigid  surface’s  feu  the  thre’e  case’s  e)f  Fig.  2.  Wlu’n  the  fre’ejue’mw  e)f  the-  aceaistie- 
se)urce'  is  f/S.  the’  ve’leicity  pre)file’  has  an  infle’ctiem  i)e)int  whie-h  sugge’sts  a  me)re  unstable’ 
He)w  fie’ld  ( infle’ctie)nal  instability)  as  ceunpareel  te)  the  otlie’r  twe)  ])re)file’s.  Tlie  variatie)n  of 
the'  velocity  preifile*  with  time'  feu  the*  case’  whe’n  the  fre’epiemcy  eT  the  acemstic  source  is  f/S. 
is  shown  in  Fig.  7.  As  the’  surfae’e’  me)tion  ge)e's  thremgh  enie  cycle  (baseel  em  f /8.  i>e’rie)el 
T).  the'  vele)e’ity  pre)file’  varie’s  be’twe’e’ii  the’  upper  anel  le)wer  profile’s.  The’  ediange’  in  the 
velocity  preefile-  le-aels  tei  a  change  in  bemnelary  layer  thickness.  A  thicke’r  benuielary  laye’r 
is  asse)ciate’el  with  the  uppe’r.  le’ss  s.able  pre)file  while  a  thinner  boundary  laye’r  is  e>btaineel 
fe)r  the’  le)we’r  profile’.  This  re’sult  inelicate’s  that  the  flexil)le  surface  acts  like  a  piston,  with 
l)le)wing  anel  suctiem  i)hase’s. 

The’  ve)rticity  ce)nte)urs  of  the’  fle)w  fie’lel  ge'iie’rate’el  Ijy  the  TS  eli.sturbance  ewer  the’ 
rigiel  surface’  are  shenvn  em  Fig.  Sa,  anel  tlmse  generateel  by  the  interactie)n  e)f  the  TS 
elisturbane’es  with  a  vibrating  fle’xible  surface  e’xcite’d  by  a  sound  source  eif  fre’epiency  f/S 
are’  she)wn  em  Figs.  81>-c.  As  the  fle'xible  surface  menx’s  upward,  the  vorticity  e'ontours 
eduster  ne’ar  the  h’aeling  eelge  e)f  the  fle’xible  seirface  indicating  an  increa.se  in  disturbane-e 
le’ve’l  in  that  re’giem.  Fig.  8b,  which  is  in  agre’ement  with  Figs.  3  and  4.  In  aelelitieui,  the’ 
ve)rticity  is  lifteel  away  fre)m  the  wall,  h’ading  te)  an  increase  in  bounelary  laye’r  thickne’ss. 
Ne’ar  the’  leaeling  e’elge  e)f  the  flexible  surface,  there  are  ineliratie)ns  of  pe)ssible’  ve)rte’x  re)ll 
uj)  whie'h  can  be  a  i)re’cur.sor  to  transition.  W  he’ii  the  surface  is  me)ving  ele)wnwarel.  the’ 
vorticity  coute)urs  are  ce)nce’ntrated  near  the  flexible  surface.  Fig.  8c.  The  bounelary  layer 
be’conies  thinner  and  there  is  no  indication  of  vortex  roll  up. 
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Conclusions 


Based  on  the  results  j)resented  here  the  following  conclusions  can  b('  made: 

i)  The  coupling  between  TS  type  waves  and  a  flexible  surface  is  not  significant.  This 
result  is  caused  by  the  fact  that  the  frequencies  of  the  TS  type  waves  are  too  high 
to  effectively  excite  the  surface. 

ii)  Acoustic  excitation  of  the  flexible  surface  can  effectively  excite  vibrations  of  the 
surface,  provided  the  frequency  is  sufficiently  low  (for  tlu'  given  s('t  of  structural 
parameters).  In  this  case  the  resulting  surface  vil)ration  can  significantly  enhance 
the  level  of  unsteady  disturbances  in  the  flow  and  change  the  nature  of  the  flow 
field.  In  particular  inflection  points  can  develop  in  the  velocity  profile  and  the 
incipient  formaiion  of  vortex  rolls  can  be  seen. 

iii)  The  effect  of  the  surface  viljrations  can  be  transmitted  outside  of  the  Ijoundary 
layer  as  acoustic  radiation. 
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Fig.  1;  Computational  Domains,  (a)  rigid  surface,  (b)  flexible  surface  without 
sound,  (c)  flexible  surface  with  sound. 
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Fig.  2;  Comparison  of  streamwise  mass  flux  clisturbanc’e  level  geiieratc'd  l)y  tlu' 
interaction  of  a  two  dimensional  disturbance  with  a  rigid  surface  and  a  vilnating 
flexible  surface  at  different  downstream  locations. 
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Fig.  3:  Effect  of  sound  source  frequency  on  the  streamwise  mass  flux  disturbance 
level  at  different  downstream  locations. 
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Fig.  4:  Comparison  of  clistiirbance  levels  generated  by  a  TS  type  waves  over  a 
rigid  surface  to  that  generated  by  a  vibrating  flexible  surface  (no  TS  waves)  and 
to  that  generated  by  the  interaction  of  the  TS  waves  with  the  vibrating  surface, 
(a)  Sound  source  frequency  of  //4,  (b)  Sound  source  fretpiency  of  //8. 
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Fig.  5:  Instantaneous  pressure  rlistribution  in  the  flow-field,  (a)  TS  type  waves 
over  a  rigid  stirfare,  (b)  TS  type  waves  over  a  vibrating  flexible  surface,  sound 
source  frequency  //4,  (c)  sound  source  frequency  //8. 
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Fig.  6:  Comparison  of  instantaneous  velocity  profiles  at  the  center  of  a  rigid 
surface  and  a  vibrating  flexible  surface. 
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Fig.  7;  Time  variation  of  the  velocity  profile  at  the  center  of  the  vibrating 
flexible  surface,  sound  source  frequency  //8  (T  is  the  oscillation  period). 
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Fig.  8:  Instantaneoivs  vorticity  contours  in  the  flow  field  generated  by  TS  waves, 
(a)  Over  a  rigid  surface.  A  vibrating  flexible  surface  with  sound  source  frequency 
//8  (b)  surface  moving  upward  (c)  .surface  moving  downward. 
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